Abstract: Using two-photon luminescence (TPL) microscopy and local reflection spectroscopy we investigate electromagnetic field enhancement effects from a µm-sized composition of 450-nm-deep V-grooves milled by focused ion beam in a thick gold film and assembled to feature, within the same structure, individual V-grooves as well as one-and two-dimensional 300-nm-period arrays of, respectively, parallel and crossed V-grooves. We analyze TPL signal levels obtained at different spatial locations and with different combinations of excitation and detection polarizations, discovering that the TPL emitted from the V-grooves is polarized in the direction perpendicular to that of the V-grooves. This feature implies that the TPL occurs solely in the form of (p-polarized) surface plasmon modes and originates therefore from the very bottom of V-grooves, where no photonic modes exist. Implications of the results obtained to evaluation of local field enhancements using TPL microscopy, especially when investigating extended structures exhibiting different radiation channels, are discussed. 275-371 (2000). 12. S. I. Bozhevolnyi, J. Beermann, and V. Coello, "Direct observation of localized second-harmonic enhancement in random metal nanostructures," Phys. Rev. Lett.
Introduction
Electromagnetic interactions in nanostructured materials and, especially, in metal nanostructures give rise to various fascinating optical phenomena. One of the main research directions in nano-optics is the search for configurations that efficiently interconvert propagating (µm-sized) and strongly localized (nm-sized) optical fields resulting thereby in strongly enhanced local fields, which are indispensable for optical characterization, sensing and manipulation at nanoscale [1] . Realization of field enhancement (FE) that enforces surface enhanced Raman scattering (SERS) is extremely important for highly sensitive detection of low molecular concentrations [2] , ultimately reaching the limit of single molecule detection [3] . In this perspective, metal nanostructures supporting surface plasmon (SP) resonances have been intensively investigated with respect to achieving strong FE effects [1] . An important research direction is thereby the design of metal nanostructures that ensure wellpronounced SP resonances within a given wavelength range along with substantial and robust (with respect to fabrication inaccuracies) FE. Several strategies have already been suggested and pursued, dealing with various shapes and configurations of metal nanostructures, ranging from individual pointed particles [4, 5] to their pairs [6] [7] [8] [9] and periodic [10] as well as random [11, 12] and fractal shaped [13] ensembles.
Large FE occurring due to SP resonances in one-dimensional (1D) V-groove metal gratings has very recently been treated theoretically [14] and demonstrated experimentally with individual V-grooves milled in gold [15] . The achieved enhancements depend on the geometry of each individual V-groove (i.e., depth and opening angle) [15] as well as on the separation between V-grooves interacting in 1D gratings [14] . By this means the FE can be tuned in the wavelength range from visible to infrared, making this configuration promising for a wide range of practical applications, e.g., within surface-enhanced spectroscopies. The periodic V-groove arrangement further increases the interaction and FE via SP polaritons (SPPs) reflected between the grooves, provided that the periodicity is optimized so that standing-wave SPP resonances would coincide with localized (shape-dependent) SP resonances of individual V-grooves [14] [15] [16] .
One well-established experimental technique for evaluation of FE related to metal nanostructures is two-photon induced photoluminescence (TPL), which was earlier described [17] [18] [19] [20] [21] [22] [23] , with spatially resolved TPL studies [9, 19] and near-field imaging [20, 21] used for characterization of local FE levels. We have previously used TPL signals in scanning optical microscopy for estimations of the local FE factor achieved with various types of samples, such as individual metal nanostrips [24] , periodic metal nanoparticles [10] , and fractal shaped metal nanostructures [13] . The main goal in these experiments was to realize SP resonances in predesigned wavelength ranges and characterize local FE factors aiming at obtaining strong and robust FE effects that are of great importance for surface-enhanced spectroscopies, especially for local SERS [25] . Strong SP resonances in gold nanostructures can also result, under intense illumination, in avalanche multiphoton-induced photoluminescence [8, 26, 27] . It should be noted that, in most of the above experiments, the polarization of the detected TPL was not analyzed bearing in mind that luminescence is generally incoherent (and unpolarized) and following the widely accepted approach [7, 8] of FE evaluation by comparing TPL signals from a flat metal surface and nanostructure in question. Nevertheless, influence of the detected TPL polarization on the appearance of TPL images has been noted [13] and explained by the circumstance that the TPL radiation (originating from locations of FE) interacts with the immediate scattering environment that can influence the TPL scattering in the direction of its detection [10, 13] .
In this work, using polarization-resolved TPL microscopy (i.e., recording TPL images with different combinations of excitation and detection polarizations) in combination with spatially-resolved linear reflection spectroscopy, we investigate a 7×7-µm 2 -sized structure composed of 450-nm-deep V-grooves milled by focused ion beam (FIB) in a thick gold film and assembled to feature, within the same configuration, individual V-grooves as well as oneand two-dimensional 300-nm-period arrays of parallel and crossed V-grooves (Fig. 1) . Differently oriented (individual and grouped) V-grooves allow us to directly compare TPL signals obtained for different polarization configurations and local environment by using the same TPL image, i.e., at the same illumination and detection conditions. In addition, linear reflection images, by revealing the radiation absorption at the illumination wavelength, elucidate interplay between FE effects and TPL generation.
Note again that for the previously investigated similar structures, such as tapered gaps [15, 16] and periodic slits [28, 29] , we have used the unpolarized detection (i.e., without an analyzer in front of a detector) of generated TPL in order to maximize the recorded signal-tonoise ratio. Usually, this is a reasonable procedure since luminescence is an incoherent process without preferred polarization, and detecting only a certain polarization would normally not add additional information except for merely decreasing overall signal levels. However, for V-grooves supporting only p-polarized SPP modes and we expect main TPL contributions originating at the narrow bottom, it turns out to be very interesting to investigate the polarization properties of TPL reaching a detector (in the far-field). Polarization-resolved TPL microscopy used in the present work provides a clear evidence of TPL occurring solely in the form of p-polarized (perpendicular to the groove direction) SPP modes and originating therefore from the very bottom of V-grooves, where no photonic modes exist. Essentially, we thereby experimentally demonstrate that the strongest FE (and generated TPL) is indeed located in a small region close to the bottom of V-groove, a conjecture that was widely used in our previous research being based on theoretical considerations [15, 16, 28, 29] .
In order to collect and send as much light as possible toward the bottom of the grooves we fabricate practically touching V-grooves with walls curving toward the groove tip and meeting with a vanishingly small angle [ Fig. 1(b) ], ending up with a configuration that is somewhat similar to the so-called kissing nanowires [30] . However, here we implement the V-groove geometry with the purpose to investigate the FE effect when moving from individual V-grooves into a parallel 1D set and, finally, a 2D array of crossing V-grooves. Accordingly, we observed the effect of individual, 1D and 2D V-groove configurations in the same structure and with fixed parameters of depth and spacing between the V-grooves thereby rendering TPL measurements of different areas in the same scan to be directly comparable.
Sample and experimental setup
The sample consists of five V-grooves written by FIB (Zeiss 1540 XB) along the x-direction and five V-grooves written along the y-direction and crossing the others at the center as imaged by scanning electron microscopy (SEM) [ Fig. 1(a) ]. For both the vertical (along y) and horizontal (along x) V-grooves, the central one is 7 µm long, whereas the others are 4 µm long. The spacing between parallel V-grooves is 300 nm and each has a depth of ~450 nm. The grooves are fabricated using 20 pA milling current with initially 3 line runs along each groove for the horizontal and vertical directions all at the same dose, followed by additionally 1 line run at the same dose along the horizontal grooves and finally 1 line run with only 50% dose along the vertical grooves. This procedure was introduced after repeated testing in order to obtain the deepest V-grooves at relatively narrow spacing and with the best similarity and symmetry between the horizontal and vertical written grooves, which could be an issue due to material re-deposition at the initially written V-grooves. The zoomed SEM image reveals a good structure quality and with relatively deep V-grooves in both directions and forming pointy ellipsoids at the intersections, i.e., with no flat area between the grooves [ Fig. 1(b) ]. Scattering properties of the fabricated crossing V-grooves were studied using spatiallyresolved linear reflection spectroscopy. The spectroscopic reflection analysis was performed on a BX51 microscope (Olympus) equipped with a halogen light source, polarizers and a fiber-coupled grating spectrometer QE65000 (Ocean Optics) with a wavelength resolution of 1.6 nm. The reflected light was collected in backscattering configuration using MPlanFL (Olympus) objective with magnification × 100 (NA = 0.9). The image area analyzed by the spectrometer is limited by a pinhole with a diameter of 150 µm resulting in a circular probing area with a diameter of 1.5 µm. The microscope images (1600 × 1200 pixels) were captured with a LC20 digital color camera (Olympus) [ Fig. 2(a)-2(b) ].
The FE levels obtained with an individual V-groove, as well as with 1D and 2D configurations of V-grooves were characterized by TPL microscopy. Our experimental setup for TPL has been described in detail previously [15, 16, 29] . It consists of a scanning optical microscope in reflection geometry built on the base of a commercial microscope and a computer-controlled two-dimensional piezoelectric translation stage. The linearly polarized light beam from a mode-locked pulsed (pulse duration ~200 fs, repetition rate ~80 MHz) TiSapphire laser (wavelength λ = 730 -790 nm, δλ ~10 nm, average power ~300 mW) is used as a source of sample illumination at the fundamental harmonic (FH) frequency. After passing an optical isolator (to avoid back-reflection), half-wave plate, polarizer and wavelength selective beam splitter, the laser beam is focused on the sample surface at normal incidence with a Mitutoyo infinity-corrected × 100 objective (NA = 0.7). The TPL radiation generated in reflection and the reflected FH beam are collected with the same objective, separated by a beam splitter, directed through appropriate filters and polarizers and detected with two photomultiplier tubes, the tube for TPL photons (within the transmission band of 350-550 nm) being connected with a photon counter. The FH and TPL resolution at full-width-halfmaximum were ~0.75 µm and ~0.35 µm, respectively. In this work, we used the following scan parameters: the integration time (at one point) of 100 ms, speed of scanning (between the measurement points) of 20 µm/s, scan area of 8 × 8 µm 2 , and scanning step size of 100 nm. We adjusted the incident power P within the range 0.7-2.5 mW in order to obtain significant TPL signals (typically, ~100 counts/s). It has also been checked that TPL signals depended quadratically on the incident power as expected for the two-photon induced up-conversion.
Results and discussion
The SPs modes in the V-groove can be excited only for p-polarized incident electric fields, i.e., here with the electric field being perpendicular (and the magnetic field parallel) to the Vgrooves [15] . On the other hand, s-polarized light, with the electric field parallel to the Vgrooves, is almost completely reflected because its penetration experiences cutoff with respect to the groove width, since no photonic modes can propagate down beyond the groove width that is less than half of the light wavelength and no SPs modes exist in the groove for spolarization. Optical images of the crossing V-grooves obtained for different polarizations of the detected light clearly demonstrate this phenomenon [ Fig. 2(a) , 2(b))]. Using the x-polarized light one can see only the vertical 1D part of the crossing V-grooves and for y-polarized light only the horizontal 1D parts, whereas for both cases the 2D center of the sample is visible and actually appears slightly darker. Turning to the spatially-resolved linear reflection spectroscopy described above, we were able to obtain local spectra [ Fig. 2(c) ] for both x-and y-polarized detection from within a 1.5-µm-diameter spot at the center [letter A in Fig. 2(a), 2(b) ], where V-grooves intersect -forming a 2D configuration, as well as at the horizontal (letter B) and vertical (letter C) positions with 1D V-grooves. The experimental data in Fig. 2(c) represent the reflection ratio R str /R ref , where R str is the reflection measured from the structure and R ref is the reference spectrum recorded from the smooth gold surface. The x-polarized incident light experiences almost full reflection from area B, whereas the reflection dramatically decreases in areas A and C [ Fig. 2(c) ]. On the other hand, the y-polarized light gives the reverse situation -with almost full reflection in area C and low reflection in area B, whereas the reflection level from the center (area A) remains very low as for the x-polarized light [ Fig. 2(c) ]. It should be noted, that the reflection from the central part of the sample for both polarizations is even less than from areas C for x-polarization and B for y-polarization. We think that the phenomena of broadband reflection suppression observed for 1D and 2D arrays of V-grooves (indicating substantial light absorption) might be similar in underlying physics to that described theoretically for touching nanowires [30] . Here it should be emphasized that the V-groove array period of 300 nm was specifically chosen to be sufficiently small so as to exclude the influence grating diffraction effects, e.g., Rayleigh anomalies [14] , on the reflection spectra.
In order to characterize the local FE of the crossing V-grooves we used the TPL microscopy described above to obtain both FH [ Fig. 3(a), 3(b) ] and TPL images [ Fig. 3(c),  3(d) ] of the cross structure. As expected the FH images exhibit good correlation with the results obtained in white light illumination [ Fig. 2(a), 2(b) ) and insets in Fig. 3(a, b) ]. Likewise, the polarized TPL images exhibit bright areas (highest TPL signals) at the locations corresponding to V-grooves being excited in a p-polarized configuration, but with an improved contrast and larger differences observed between the individual, 1D and 2D locations. One fine detail is that, for each of the TPL bright V-groove directions, the TPL images are actually slightly asymmetric along the V-groove with respect to the 2D center of the structure, i.e., the top part of Fig. 3 (c) and right side of Fig. 3(d) . This can be explained by a slight variation in the groove width and depth at the end of the FIB writing of each Vgroove as demonstrated by a detailed normal incidence SEM image of a test structure with 5 parallel V-grooves fabricated in only one direction [ Fig. 3(e) ]. For this test structure the FIB fabrication along each groove was starting from the left and ending to the right, where it is clear that the grooves are both wider and deeper than to the left [ Fig. 3(e) ]. This is probably caused by ongoing re-deposition at the bottom and sides of the V-groove, which is then not the case at the very end of each FIB written line. A more open V-groove is likely to facilitate both increased excitation of SP groove modes and emission of TPL generated at the narrow bottom. Accordingly, we obtain slightly higher TPL signals at those ends of the V-grooves where each line in the FIB writing was terminated and thereby causing more open V-grooves due to less re-deposition. In hindsight, one could most likely have reduced these effects of less re-deposition at one end by systematical changing the writing direction between each FIB line, a procedure that one should definitely try out in future investigations. Since the sample configuration is tailored for simultaneous TPL characterization of structures resembling individual V-grooves, as well as 1D and 2D V-groove arrays, one still has a good possibility to quantitatively compare the TPL signals and estimate the degree of FE. One option is to obtain averaged TPL signals in cross-sections at the positions indicated by white dashed lines in Fig. 3(c) . These cross-sections [ Fig. 3(f) ] show clearly different levels in the TPL intensity variation across the SP excited V-grooves: the TPL signal is relatively small for the individual groove (black and red curves), increasing for the 1D array (blue and green curves) and reaching maximum for 2D arrays at the center of intersecting Vgrooves (cyan curves) [ Fig. 3(f) ]. The largest TPL signals observed are comparable to those obtained in the previous experiments with individual [15] and 2D periodic [16] V-grooves. However, in view of our observations reported below, we decided to abstain from evaluations of FE levels from TPL signals using the previously used approach [15, 16] .
First we note that the TPL intensity measured in the cross-sections at the ends of the individual (black curve) and 1D grooves (green curves) is slightly higher compared to the intermediate positions (red and blue), a feature that is in accordance with the end-effects and visual inspection of the TPL images mentioned above. The fact that the central 2D part of the cross exhibits higher TPL signals compared with the 1D parallel grooves is believed to be due to the main TPL origin being the narrow bottom of the V-grooves which is only accessible via SP modes. At the intersections there is, however, an increased possibility of also photonic modes actually accessing the bottom of the structure, as well as some additional signal caused by pointy ellipsoids formed at these intersections [ Fig. 1(b) ]. Images obtained in white light illumination [ Fig. 4(a) ] and TPL [ Fig. 4(b) ] when using the cross-polarized configuration of FH excitation and detection demonstrate these phenomena more clearly.
The TPL signal, obtained for the cross-polarized configuration indicated [ Fig. 4(b) ], is visible only from the central 2D part of the structure and has relatively low intensity compared to the levels obtained with the parallel excitation and detection polarization [ Fig.  3(c)-(d) ]. Only the 2D structure shows up in the cross-polarized configuration with the excitation along the y-and detection along x-axis, since the 1D V-groove orientation along the y-axis does not allow proper p-polarized SP excitation inside the grooves, whereas the perpendicular 1D V-groove orientation (along the x-axis) does. However, the TPL emitted from the latter and propagating toward a detector is y-polarized (the TPL can only escape from the narrow V-groove bottom via p-polarized SP modes) and thus blocked by an analyzer. In short, for the y-polarized illumination and x-polarized detection, TPL in yoriented V-grooves cannot be excited whereas TPL excited in x-oriented V-grooves cannot be detected. In the central area of crossing V-grooves, both incident FH and emitted TPL radiation become depolarized due to scattering by pointy ellipsoids [ Fig. 1(a) ] resulting in (relatively weak, but nonzero) TPL excitation in y-oriented V-grooves and detection of TPL excited in x-oriented V-grooves. In addition, non-polarized TPL can also be produced by the pointy ellipsoids remaining at the V-groove intersections. The averaged TPL signal in the cross section indicated by the white dashed line in the TPL image confirms that the TPL is relatively low and present only from the (1.6×1.6 µm 2 )-area with 2D V-groove structures [ Fig. 4(c) ]. Consequently, the maximum TPL signal obtained with cross-polarization is only ~7.5 compared to the level of ~40 obtained with the parallel polarization configuration [cf. Figure 4 (c) and Fig. 3(f) ], demonstrating clearly that, in contrast to the usual luminescence properties, the TPL emitted from V-grooves is highly polarized. It should be noted that the polarized TPL emission was also observed in the experiments with crystalline gold nanorods, in which the TPL polarization characteristics have been related to the crystalline and band structures of the investigated gold nanorods [21] . To further investigate and confirm these polarization properties of the TPL emitted from V-grooves we have also performed the polarization-resolved TPL microscopy of an individual V-groove using both parallel and cross-polarized TPL detection (Fig. 5) . We have used the sample fabricated previously and used for studies of resonant plasmon nanofocusing [15] , containing several straight 150-µm-long V-grooves with opening angles close to 28 degrees and depths of 1.1-1.3 µm that were FIB-milled in a 1.8-µm-thick gold layer. As seen from both the obtained FH [ Fig. 5(a) ] and TPL images [ Fig. 5(b, c) ], the selected individual Vgroove clearly contains two defects, most probably gold corns, which appear as dark spots in the FH image (due to reduced back reflection) and very bright spots in the TPL images. As illustrated by the obtained TPL signal in the cross sections [ Fig. 5(d) ] the FH reflection minimum corresponds to the position of high TPL intensity for p-polarized light. In the case of using the cross-polarized detection along the x-axis (detecting thereby only the s-polarized TPL emission from the V-groove) [ Fig. 5(c) ], we end up extinguishing the TPL signal along the entire V-groove except at the two defects, which appear similarly bright in both crosspolarized and parallel detection configurations [ Fig. 5(b)-(c) ]. The latter feature is most probably related to the circumstance that these defects are located sufficiently close to the Vgroove opening so that the corresponding TPL can escape the groove via photonic modes. All in all, we believe that the above observations of an individual V-groove with defects is a crucial experiment demonstrating directly that the TPL emitted from V-grooves (without defects) is associated with strong FE localized to a small (nm-sized)-volume at the very bottom of V-grooves (and not merely emitted from the sidewalls or top edges along the Vgroove), and verifying thereby the conjecture used in our previous research [15, 16, 28, 29] . Our findings indicate that the generally accepted and widely used approach of FE evaluation by comparing TPL signals from a flat metal surface and nanostructure in question [7, 8] should be used with great care, especially when investigating extended structures exhibiting different radiation channels. It is clear that, as also noted previously [10, 13] , one should take into account that the detected TPL radiation is determined not only by local FE at the illumination wavelength but also by the immediate scattering environment selecting, i.e., enhancing or suppressing, particular TPL polarizations and wavelengths. It has already been observed that the TPL emission spectra match dark-field microscopy scattering spectra obtained with individual [23] and, more recently, coupled [31] gold nanorods, indicating thereby that the TPL efficiency can be enhanced by plasmonic resonances at TPL wavelengths. On the other hand, for the considered configuration, TPL escaping from Vgrooves in the form of SP modes should be expected to reflect SP propagation losses that are strongly wavelength dependent. In any case, TPL wavelength and polarization dependent enhancement/loss on the way from FE locations to a remote detector should be incorporated in the procedure of FE evaluation. Furthermore, it should also be borne in mind that TPL signals are related to electromagnetic fields formed inside (irradiated) gold nanostructures [10] , so that the FE determined from TPL measurements should be used with great care when considering phenomena such as, for example, SERS from adsorbed molecules, which are related to electromagnetic fields formed outside illuminated gold structures, i.e., in their immediate dielectric environment [25] . Even though electromagnetic fields inside and outside of gold nanostructures are directly related via the boundary conditions, the relation between inside and outside FE factors is quite complicated due to (often) unknown polarization characteristics of the electromagnetic fields in question [10] .
Conclusion
Summarizing, using polarization-resolved TPL microscopy and spatially-resolved reflection spectroscopy we have investigated electromagnetic FE effects from a µm-sized composition of 450-nm-deep V-grooves milled by focused ion beam in a thick gold film and assembled to feature, within the same structure, individual V-grooves as well as one-and two-dimensional 300-nm-period arrays of, respectively, parallel and crossed V-grooves. We have analyzed TPL signal levels obtained at different spatial locations and with different combinations of excitation and detection polarizations, discovering that the TPL emitted from the V-grooves is polarized in the direction perpendicular to that of the V-grooves. This feature has been related to the circumstance that the TPL occurs solely in the form of (p-polarized) surface plasmon modes and originates therefore from the very bottom of V-grooves, where no photonic modes exist. We have also discussed implications of the results obtained to evaluation of local FE using TPL microscopy and applying the widely used approach, in which FE is estimated by comparing TPL signals from a flat metal surface and given nanostructure. Additionally, we have observed efficient broadband and polarization independent absorption of radiation incident on the (central) area containing the 300-nm-period array of perpendicular oriented 450-nm-deep V-grooves. We believe that our findings are important for a number of plasmonic applications such as surface-enhanced Raman spectroscopy and photovoltaics.
